This study examines a wide range of numerical representations (i.e., quantity, knowledge of multiplication facts, and use of parity information) in adult deaf signers. We introduce a modified version of the number bisection task, with sequential stimulus presentation, which allows for a systematic examination of mathematical skills in deaf individuals in different modalities (number signs in streaming video vs. Arabic digit displays). Reaction times and accuracy measures indicated that deaf signers make use of several representations simultaneously when bisecting number triplets, paralleling earlier findings in hearing individuals. Furthermore, some differences were obtained between the 2 display modalities, with effects being less prominent in the Arabic digit mode, suggesting that mathematical abilities in deaf signers should be assessed in their native sign language.
It has often been noted that deaf children and adults tend to lag behind their hearing counterparts with respect to their understanding of basic number concepts and knowledge of arithmetical procedures (Kelly, Lang, Mousley, & Davis, 2003; Nunes & Moreno, 1998) . Delays are observed in arithmetical problem solving, application of standard procedures, measurement skills, understanding of fraction concepts, and so forth. Deaf pupils' scores on mathematical achievement tests tend to be several years behind when compared to the equivalent scores of age-matched hearing individuals. This lag in mathematical attainment in deaf individuals has been confirmed for a wide range of age groups in different countries, such as Sweden, Norway, the United States, and the United Kingdom (cf., Austin, 1975; Frostad, 1996; Heiling, 1995; Traxler, 2000) .
Inefficient teaching and learning styles, lack of motivation, late mastery of the counting string, and idiosyncratic differences between spoken and signed languages are several factors that are thought to cause this developmental delay in deaf individuals' mathematical skills (Leybaert & Van Cutsem, 2002; Swanwick, Oddy, & Roper, 2005) . At the same time, remarkable processing advantages are reported for deaf individuals in other cognitive domains, such as shifting of visual attention (Rettenback, Diller, & Sireteaunu, 1999) , peripheral motion detection (Bavelier et al., 2000) , speed of generation of mental images (Emmorey & Kosslyn, 1996) , word association (Marschark, Convertino, McEvoy, & Masteller, 2004) , and others.
Most studies so far have examined mathematical competence in the deaf population using very broad measures. As a result, not much is known about the cognitive mechanisms that are specifically slower to develop in deaf individuals, causing this lag in mathematical achievement. In the meantime, research in hearing individuals has shown, using behavioral and neuroimaging techniques, that number processing is in fact a multifaceted capability relying on distinct brain circuits (Dehaene, Spelke, Pinel, Stanescu, & Tviskin, 1999; Hubbard, Piazza, Pinel, & Dehaene, 2005; Lerner, Dehaene, Spelke, & Cohen, 2003) . For instance, hearing individuals' ability to rapidly compare quantities or their basic sense of numbers is thought to be mediated by an analog magnitude representation, accompanied by bilateral brain activations in the intraparietal sulcus (Triple Code Model, Dehaene & Cohen, 1995; Dehaene, Piazza, Pinel, & Cohen, 2003) . Instead, retrieving multiplication facts from long-term memory is subserved by a left-hemispheric network, in which the visual Arabic number form is transformed into a verbal representation without mandatory access to a quantity code (Cohen & Dehaene, 2000) . Implicitly, it has been assumed that this functional framework of number processing should also exist and be organized along similar principles for deaf individuals, who use a visuospatial language as their major means of communication. Although the external representations of signed number systems differ from those of spoken languages (for an overview of numeration systems, Zhang & Norman, 1995) , the underlying intrinsic cognitive architecture coding for number magnitude is supposed to be equivalent.
Recently, researchers have started to investigate such specific aspects of number processing in deaf children and adults. Zarfaty, Nunes, and Bryant (2004) compared 3-and 4-year-old deaf and hearing childrens' ability to remember and reproduce the number of items in an array of objects. Children were presented with a set of objects that was subsequently removed. Their task was to construct an identical set, copying the number of items. They observed that deaf children performed as well as the hearing children on this task. Furthermore, an additional benefit was observed for the deaf children when the set of objects had a spatial (simultaneous) rather than temporal (sequential) mode of presentation. An earlier study by Mulhern and Budge (1993) examined addition performance in deaf and hearing 12-and 13-year olds. They did not find any significant differences in response time pattern on the addition tasks between the two groups. Furthermore, it appeared that both hearing and deaf children made use of covert counting strategies when solving addition problems. A visuospatial rehearsal loop has been shown to exist in signed languages that resembles the phonological loop (Baddeley, 1986) used for maintaining verbal information in spoken languages (Losiewicz, 2000; Wilson & Emmorey, 1997) .
Equivalent number representations for deaf and hearing individuals have also been reported in studies examining adults. Epstein, Hillegeist, and Grafman (1994) conducted magnitude comparison, calculation, and short-term memory span experiments in deaf college students. Although accuracy level did not differ from their hearing peers, deaf students were on average slower to respond. More recently, Bull, Marschark, and Blatto-Vallee (2005) asked deaf and hearing participants to carry out tasks of number comparison using single-digit Arabic numbers. Whereas deaf participants were found to be somewhat slower than hearing participants in making comparative judgments, their basic number processing capacity did not substantially differ from age-matched hearing counterparts. Like hearing individuals, deaf participants made reference to an abstract analog magnitude representation, indicated by the presence of distance, size, and Spatial Numerical Association of Response Codes effects. In a follow-up study, Bull, Blatto-Vallee, and Fabich (2006) examined subitizing, number-size congruity, and magnitude representations in deaf and hearing adults and again did not find any major performance differences. However, although little difference has been observed with regard to magnitude representation, this is not valid for all number representations. Iversen, Nuerk, Jäger, and Willmes (2006) found that the parity representation seems to differ between deaf and hearing adults: Deaf participants using German Sign Language with its base-10/subbase-5 number system seem to be sensitive to that subbase-5 property: Parity seems to be processed in two ways in this deaf population, once with respect to the standard base-10 number system like in hearing adults andadditionally-with regard to the subbase-5 number system.
Nevertheless, from these studies, it can be concluded that although deaf signers tend to be somewhat slower in responding, most basic number representations are similar to those of hearing individuals.
However, the picture is not yet complete. Adult mathematical competence relies, apart from basic magnitude processing, on various other abilities such as the adequate use of arithmetical procedures, multiplication fact knowledge, understanding of parity, mastery of the place-value system in multidigit numbers, and so forth. These more complex numerical skills have not yet been tested in deaf individuals. All previous studies so far have employed number comparison or parity judgment tasks in which only single-digit numbers were used. Furthermore, almost all studies presented the numerical information either in Arabic digit format or in print (but see Iversen et al., 2006) . From a deaf signer's perspective, it would be more likely that numerical information is used and communicated in a visuospatial modality (as number signs). Thus, a video presentation of numerical tasks might be more appropriate when assessing mathematical competence in deaf individuals.
Here, we aim at taking these points into account while examining more complex number representations in adult deaf signers. To this end, we use a verification version of the number bisection task (NBT), in which participants are presented with number triplets for which they have to determine whether the middle number in the sequence is the exact numerical mean of the two outer numbers (e.g., 22_25_28) or not (e.g., 22_27_28). The NBT has been used to examine complex number processing abilities in healthy (hearing) participants (Nuerk, Geppert, van Herten, & Willmes, 2002; Wood et al., 2006) and neurological patients, suffering from hemispatial neglect or acalculia (Dehaene & Cohen, 1997; Delazer, Karner, Zamarian, Donnemiller, & Benke, 2006; Zorzi, Priftis, & Umilta, 2002) . A wide range of number representations has been shown to modulate reaction times and accuracy on the NBT, such as quantity representation, multiplication table knowledge, and encoding of parity information.
In general, it has been found that hearing participants are faster to confirm a valid bisection than to reject an invalid one (Nuerk et al., 2002) . Usually, half the triplets that are shown in the NBT are correctly bisected (e.g., 22_25_28, bisectable triplets), whereas the other half are not correctly bisected (e.g., 21_22_29, nonbisectable triplets). Furthermore, difficulty in the NBT has been shown to be modulated by an additional set of underlying number representations in normal hearing participants that are more or less specific to either bisectable or nonbisectable pairs: (a) ''multiplicativity'' (i.e., whether the three numbers are part of a multiplication table or not, related to verbal rote learning) and (b) ''range'' (i.e., distance between smallest and largest number in the triplet) for bisectable triplets and (c) ''distance of the middle number'' to the exact numerical middle and (d) ''bisection possibility'' (i.e., if the two outer numbers share the same parity, they can in principle be bisected, whereas if they have a different parity, they cannot) for nonbisectable triplets.
For instance, in hearing individuals, triplets that are part of a multiplication table (e.g., 21_24_27) are responded to faster and more accurately than those (e.g., 22_25_28) that are not. Moreover, triplets extending over a small range (e.g., 26_29_32) are faster and more accurately responded to than those that cover a wide range (e.g., 21_29_37). Furthermore, in hearing individuals, reaction times and amount of errors tend to increase with a small (e.g., 23_29_37) rather than large (e.g., 23_24_37) distance to the exact numerical middle. In addition, hearing individuals were shown to be sensitive to the parity of the two outer numbers in a triplet, resulting in faster reaction times (RTs) and less errors for number triplets that, based on parity information, excluded any bisection possibility (e.g., 12_16_21 for which the exact numerical middle of 12 and 21 cannot be an integer vs. 12_16_22 for which the exact numerical middle of 12 and 22 can be an integer). As parity has been shown to be processed differently in deaf individuals (Iversen et al., 2006) , it is an open question whether deaf signers can use parity information in a similar way as hearing individuals do.
Deaf signers are made familiar with the Arabic digit notation in school and are capable of processing written number words. DGS (Deutsche Gebärdensprache) is the natural language of the German deaf community consisting of about 200,000 individuals. Twodigit numbers, such as for instance 22, are signed in a sequential fashion in DGS: First, the units are signed by raising the corresponding number of fingers with the right (dominant) hand (e.g., thumb and index finger to indicate two); subsequently, the tens are signed by contracting the fingers (e.g., two times for 20). Alternatively, when signing the number 37, for instance, a deaf signer will start by signing the number 7 using both hands (five-sign raising all fingers with the nondominant, left hand and simultaneously two-sign with right hand) and subsequently the tens will be signed (by dropping the five-shape on the left hand and simultaneously contracting the two-sign on the right hand three times). Furthermore, ''mouthing'' is an essential part in the DGS number system, with numbers being silently pronounced during signing, which facilitates lip-reading on the part of the observer. Interestingly, the phenomenon of inversion for multidigit numbers (in which units and decades are mentioned in a reversed order, ''two-and-twenty,'' compared to other languages such as English, ''twentytwo'') is present both in DGS and German spoken language.
In this article, adult deaf signers of German Sign Language will be tested on the verification version of the NBT, in which numerical competence is assessed in two modalities: Sign language in streaming video versus Arabic digit format. In order to balance presentation times between the two modalities, an adapted version of the NBT is introduced with ''sequential'' stimulus presentation, in which constituents of a number triplet are presented one after another, either as number signs in DGS or as Arabic digits (see Figure 1) .
Because previous studies (Bull et al., 2005 (Bull et al., , 2006 ) did not find any clear differences between deaf and hearing adult individuals in basic number processing, we expect to obtain the same overall level of mathematical competence for deaf signers on the NBT, with respect to their reliance on quantity (indicated by effects of range and distance to the numerical middle) as found earlier for hearing individuals on this task (cf. Nuerk et al., 2002; Wood et al., 2006) . Furthermore, the inclusion of two display modes will allow us to find out how proficient deaf signers are in general at extracting complex numerical information from native DGS number signs versus Arabic digits (learned in school) and how this ability might interact with language-specific knowledge required in the NBT, such as multiplication table knowledge and parity.
Methods

Participants
Twenty prelingually deaf signers (11 men, mean age 28 years, ranging from 19 to 50 years) were tested and paid for their participation in the experiment. They all used DGS as their primary means of communication, most of them had learned DGS in kindergarten (at the age of 3 or 4); six of them had deaf parents and siblings. All participants had normal or corrected-tonormal vision.
Materials and Design
Two hundred two-digit number triplets, ranging from 10 to 99, were used in this experiment (see Appendix A and B for stimulus properties). Sixteen randomly chosen triplets were used as practice trials and administered prior to the experiment. All 200 triplets were randomly presented once in each block (sign language and Arabic digit modes), with the order of blocks counterbalanced across participants. The manipulated factors for the bisectable triplets were multiplicativity (yes/no, i.e., whether a triplet is part of a multiplication table or not, e.g., 21_24_27 vs. 22_25_28) and range (small [4-8]/wide [12] [13] [14] [15] [16] [17] [18] , i.e., the difference between the two outer numbers, e.g. 17_19_21 vs. 12_19_26). Bisection possibility (possible/impossible, i.e., whether or not an integer was possible as the numerical middle of the two outer numbers, e.g., 2_6_12 [7 would be possible] vs. 2_6_11 [no integer, 8.5] ) and distance to the numerical middle (small/large, i.e., 11_14_19, small, vs. 11_12_19, large) were the factors for the nonbisectable number triplets. Problem size, average parity, parity homogeneity, decade crossing and the inclusion of decade numbers were matched between the respective stimulus groups.
Procedure
Participants gave their informed consent before the start of the experimental session. The experiment was administered using Presentation software running on a laptop computer, which had two mouse buttons centrally positioned below the keypad. Participants kept their hands placed on the two response buttons during test blocks.
Trial organization and timing parameters of the NBT were matched for the sign language (video presentation) and Arabic digit modes (see Figure 1) . On each trial, the three numbers constituting a triplet were presented one after another for about 1,500 ms each, followed by a response prompt lasting for 2 s. The participants' task was to decide whether or not the second number in the sequence represented the exact numerical middle between the two outer numbers (verification) by pressing the respective mouse button (yes/no). Participants were encouraged to respond as quickly as possible without making mistakes as soon as the prompt (#) would appear on the screen.
Instructions specific to the task were presented on the computer, in print. In addition, the participants received information about the experiment in general, and any questions that came up were answered by the experimenter, who was a deaf, native signer of DGS. None of the participants indicated any difficulty in understanding the task.
Results
Descriptive statistics for the behavioral data for the sign language and Arabic digit modes are shown in Figures 2 and 3 , respectively. Correct mean RTs and mean arcsine-transformed error percentages (see Table 1 ) were submitted to a repeated measures analysis of variance, conducted separately for bisectable and nonbisectable number triplets.
For bisectable triplets, the main effect of mode was significant (73 ms; RT: F(1, 19) ¼ 9.41, p , .01; accuracy: F(1, 19) ¼ 85.47, p , .001), with participants responding faster and more accurately in Arabic digit than in sign language mode (see left columns in Table 1 ). This might be explained by the fact that encoding of DGS number signs, constituting a dynamic signal that evolves over time, is somewhat more difficult than extracting numerical information from static images in the case of Arabic digits. Furthermore, significant main effects were obtained for multiplicativity (18 ms; RT: F (1, 19) 
Discussion
A lag in mathematical attainment has frequently been reported for deaf children and adults when compared to age-matched hearing controls. Various reasons have been proposed for this delay in mathematical competence in deaf signers, such as inefficient teaching styles in mathematics in schools (mostly by hearing, nonnative deaf teachers), sequential (e.g., switching between visuospatial sign language and written Arabic digits) instead of simultaneous (e.g., auditorily and visually presented numbers in the case of hearing individuals) presentation of numerical information resulting in higher cognitive load, or idiosyncratic differences in number representations between hearing and deaf individuals, and so forth.
Recently, a few studies have examined this question of why deaf signers are somewhat behind in maths more closely, by probing basic number processing abilities in this population with straightforward tasks, such as single-digit number comparison, subitizing, and so forth. Thus far, no major differences between deaf and hearing populations have been found (Bull et al., 2005 (Bull et al., , 2006 except for parity representation (Iversen et al., 2006) , thereby ruling out the general argument of idiosyncratic differences in fundamental numerical representations. Although having a general sense of numbers or approximate quantity is a cognitive ability that most humans are assumed to be endowed with from birth, other aspects of mathematical ability do not come naturally, and instead have to be learned in school, depending on culture and language, such as multiplication table knowledge and the use of parity. Almost no studies so far have systematically looked at how these representations influence more complex numerical capabilities in deaf signers.
The aim of the current study, therefore, was to assess a wider range of mathematical abilities in adult deaf signers, using an adapted version of the NBT (sequential NBT, see Figure 1 ). Performance on the NBT has been shown to indicate not only the reliance on quantity representations but also multiplication fact knowledge stored in long-term memory and implicit use of parity information, in hearing individuals (Nuerk et al., 2002; Wood et al., 2006) . In the following, we will present our current findings for the deaf participants and relate them to the earlier findings for hearing individuals. Furthermore, a second goal of our study was to examine whether their performance on the NBT was mediated by display mode, in terms of sensitivity to different parts of numerical knowledge (i.e., quantity, multiplication facts, parity). By assessing their mathematical performance using not only Arabic digits, as was done in previous studies, but also number signs, we could get an indication of their overall proficiency at processing and acting upon more complex numerical information when presented in different formats.
First, when tested in sign language mode (see upper part of Table 1 ), deaf signers' performance on the NBT was quite similar to that of hearing individuals. They were faster to accept a valid bisection (566 ms on average for bisectable triplets) than to reject an invalid one (576 ms on average for nonbisectable triplets).
Furthermore, like the hearing participants in the previous Nuerk et al. (2002) study, deaf signers made fewer errors and showed faster reaction times when responding to bisectable number triplets that were part of a multiplication table (e.g., 21_24_27) than those that were not (e.g., 22_25_28). Moreover, they were faster and more accurately to respond when a number triplet covered a wide rather than small numerical range (see upper part of Figure 2) . In addition, for the nonbisectable triplets, they showed an additional sensitivity in their speed and accuracy to the factors of distance to the numerical middle (small vs. large distances) and bisection possibility (reflecting the use of an implicit rule coding for parity), as was found earlier for hearing participants (cf. Nuerk et al., 2002) . Thus, from this overall performance pattern, we can conclude that there is no evidence for any idiosyncratic differences in complex number processing between deaf and hearing individuals in the NBT.
Second, when tested in Arabic digit mode (see lower part of Table 1 ), some discrepancies in deaf signers' performance were observed with the pattern usually obtained in hearing individuals. Opposite to their performance in sign language mode, and in contrast to what has been found in hearing participants (cf. Nuerk et al., 2002) , deaf signers were faster (but not more accurate) to reject a bisection in Arabic digit format than to accept one. In addition, although deaf signers were exceptionally fast in responding to numerical information presented as Arabic digits (about 480 ms on average), their reaction times and accuracy levels were only modulated by the factors multiplicativity and range for bisectable triplets. However, for nonbisectable triplets, distance to the numerical middle and bisection possibility did not significantly modulate deaf signers' performance on the Arabic digit version of the NBT.
Several explanations might be given for these null effects on some aspects of the NBT with Arabic digit format in deaf signers. One possibility could be that the numerical representations of distance to the middle and parity are recruited in a later step than multiplication fact knowledge and overall range, and hence, such mediating effects on reaction times got washed out due to the extremely fast responding of deaf signers. An alternative explanation could be that deaf signers' mathematical knowledge is not so richly developed in the Arabic digit format, which is in line with earlier research from our group (cf. Iversen et al., 2006) , indicating that German deaf signers rely less strongly and not so automatically on parity information when numerical information is presented in Arabic digit format. Therefore, parity information may help to a lesser extent in solving the NBT in Arabic format and consequently no parity-related bisection possibility effect can be found in deaf participants for Arabic number format. Alternatively, automatic recoding into the corresponding number signs may occur, reducing the influence of additional number representations, such as implicit coding of parity, on NBT performance.
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